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Abstract 
This study investigates the influence of tropical deep convection on distribution of trace gasses in 
the tropical upper troposphere (UT) using data from the Convective Transport of Active Species 
in the Tropics (CONTRAST) Experiment conducted over the tropical western Pacific during 
January and February of 2014. Fifty-five chemical species measured during the CONTRAST 
campaign are analyzed with lifetimes ranging from less than a day to several years. The vertical 
profiles of these species suggest that they fall into three main groups delineated by their lifetime: 
1) very long-lived trace gases demonstrating a nearly constant vertical structure, 2) intermediate 
lifetime species exhibiting a reverse s-shape with distinct UT enhancement, and 3) extremely 
short-lived gases showing sharp decrease with height and only sporadic occurrences of UT 
enhancement. The ratio of UT to boundary-layer (BL) concentration is used as a simple metric to 
characterize the efficiency of convective transport. The UT-BL ratios are found to have a compact 
relationship with tracers’ photochemical lifetimes. In addition to observed data, we also examine 
simulations from the Whole Atmosphere Community Climate Model (WACCM) with artificial 
tracers with lifetimes similar to our observed trace gasses. The Community Atmosphere Model 
with chemistry (CAMchem) is also used. Modeled results fit well with results from measured trace 
gasses indicating that their cumulus parameterization schemes are working reasonably well. 
Determining efficiency of convective transport for tracers of varying lifetimes is crucial for 
understanding not only the dynamics of these deep convective systems, but also the chemical 
impacts on the UT.  
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1. Introduction  
Deep convection in the tropics plays a critical role in transporting near-surface air into the 
upper troposphere (UT). Earlier studies of convective transport focused on the influence of 
convection on heat and moisture budgets (Riehl and Malcus 1958; Riehl and Simpson 1979; Yanai 
et al. 1973; Arakawa and Schubert 1974), which later became the backbone of the cumulus 
parameterization in global climate models (GCMs). More recently, much attention has been turned 
to convective pumping of chemically important species, as the injected boundary layer (BL) air 
has the potential of profoundly modifying the chemical environment of the UT. Cotton et al. (1995) 
discussed convective venting of the BL and provided a global estimate of the venting rate. Mari et 
al. (2000) studied convective transport and scavenging of soluble gases using field measurements 
and a simple plume model.  
The Tropical Western Pacific (TWP) warm pool is a unique region for convective 
transport. Fueled by warm sea surface temperatures, the warm pool is filled with widespread and 
intense deep convective cloud systems which leave distinct signatures on the tropical upper 
troposphere and lower stratosphere (UTLS). For example, the warm pool possesses the coldest and 
driest tropopause during the Northern Hemisphere wintertime, coinciding with the deepest 
convection in the region (Fueglistaler et al. 2009). Deep convection over the warm pool is also 
responsible for the very low ozone concentration in the UTLS. As demonstrated by Pan et al. 
(2015), highly convective regions show a relatively low ozone (10-12 pptv) associated with high 
water vapor content while regions with weaker convective influence show higher signatures (35-
95 pptv) associated with dry air advected from the extratropics. The observed persistent low ozone 
values upwards of 9 km in the TWP are indicative of strong convective influence (Pan et al. 2015; 
Pan et al. 2017). 
The TWP region also demonstrates significant and unique chemistry regarding short lived 
bromine and iodine bearing species. Characterizing and quantifying convective influence on these 
halogenated trace gasses is compelling, as they play a key role in the lifetime of ozone in the UT, 
affect hydroxyl radical (OH) concentration, and have potentially significant climatic impacts 
(Wang et. al 2015; Quack et al 2003). Bromine and iodide bearing species act as the primary 
drivers of ozone destruction at higher altitudes, making their transport from the marine boundary 
layer (MBL) to the UT of great significance. The net effect of these halogenated species entering 
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the UT in the tropics is a significant loss of ozone (Saiz-Lopez et al. 2014; Sherwen et al 2015; 
Fernandez et al. 2014). These halogen-ozone interactions made possible by quick deep convective 
transport directly affect the oxidation capacity of the UT, as a drop on ozone concentration means 
a reduction in ozone as a precursor for hydroxyl radical (OH) production. OH is a highly reactive 
compound which has a chemical lifetime as short as one second in the troposphere and plays a key 
role in the reduction of organic pollutants outlined in detail by Gligorovski et al. (2015) and Fiore 
(2014). A drop in OH concentration in the UT can lead to inhibited methane destruction, which 
Wang et al. 2015 argues may have climatic impacts. Furthermore, deep convective updrafts have 
been observed to overshoot the tropopause and inject boundary layer pollutants directly into the 
stratosphere with implications extending past the UTLS alone (Fischer et al. 2003).  
The Convective Transport of Active Species in the Tropics (CONTRAST) experiment, 
which was conducted from Guam (13.50N, 144.80E) in early 2014 using the National Science 
Foundation/National Center for Atmospheric Research (NSF/NCAR) Gulfstream V (GV) research 
aircraft, chose the TWP warm pool region as the focus of the mission (Pan et al. 2017). One of the 
primary goals of the CONTRAST experiment is to characterize the influence of deep convection 
on the chemical composition of the tropical UTLS, particularly ozone and halogen compounds.  
Early results from the CONTRAST measurements have provided clear evidence of the 
influence of deep convection on UT composition.  Two months of intensive in situ observations 
of ozone show that when sampled near deep convective cloud systems, ozone profiles from the 
oceanic surface to 15 km is nearly constant at 20 ppbv. This suggests that deep convection 
consistently pumps low-ozone air from near the oceanic surface transporting it throughout the 
tropical troposphere (Pan et al. 2015).  Moreover, the CONTRAST experiment acquired evidence 
of convective influence on very short-lived species with lifetime about a day or shorter for which 
the fingerprint of convective transport is easily masked out by fast chemical destruction.  Pan et 
al. (2017) showed one example from CONTRAST Research Flight 11 conducted on Feb 13, 2014 
in which GV aircraft sampled a few active convective turrets with vertical velocity up to 13 m/s. 
Selected short-lived species such as methyl ethyl ketone (MEK; lifetime of several days), dimethyl 
sulfide (DMS; lifetime of approximately one day) and acetaldehyde (HC3CHO; lifetime less than 
a day) display marked differences inside the fresh outflow compared to the outside background. 
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These observations and initial findings are the motivation for this current research. The 
Trace Organic Gas Analyzer (TOGA) and Advanced Whole Air Sampler (AWAS) instruments 
onboard GV provide measurements for a large suite of trace gasses with a wide range of lifetimes 
(Pan et al. 2017; Apel et al. 2015), which allow for a unique opportunity to study convective 
transport. Given that convection affects chemical species with different lifetimes in different ways, 
this opportunity to analyze a spectrum of trace gasses will paint a more complete picture of 
convective transport of surface-source species in the TWP warm pool region. In addition to the 
observed trace gasses, two models were also utilized - these are the Whole Atmosphere 
Community Climate Model (WACCM) and Community Atmosphere Model with Chemistry 
(CAMchem).   
This paper seeks to address the following questions: 1) What are the proper ways to 
quantify the observed distribution and behavior of CONTRAST trace gas measurements? 
Specifically, can we find a compact parameter to describe the general features of convection 
influence? 2) How is the efficiency of convective transport dependent upon species lifetime? 3) 
Finally, can global models reproduce the observed trace gas distribution and convective transport 
efficiency?   
The rest of the paper is organized as follows: Section 2 describes the CONTRAST 
experiment and relevant measurements that are used in the study, as well as data processing 
procedures. Section 2 also introduces the global model simulations. Section 3 presents the analysis 
results and discussions. Finally, Section 4 summarizes and concludes the study. 
 
2. Observations and Methodology  
2.1 UT-BL Ratio  
As one of the main goals of this study is to quantify the convective influence on the UT in 
the TWP warm pool region, we developed a metric to describe the rate of efficiency of transport 
from the BL into the UT. This metric is the ratio of mean trace gas concentration in the UT to that 
of the BL, henceforth referred to as UT-BL. This will allow us to communicate the fraction of 
successful transport of a species along this deep convective pathway.  
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This metric suggests that chemical species that are not effectively transported into the UT 
will have a small UT-BL, while those that are very effectively transported into the UT will have a 
UT-BL near 1. The ratio values are not to be interpreted as the effects of a single convective event, 
but rather as characterizations of the convective influence in the entire warm pool region during 
the boreal winter.  This allows us to depict regional convective influence, and therefore generalize 
the entire study area.  
A convectively influenced trace gas in convective outflow conditions is expected to have 
a UT concentration that is equal to or a fraction of the BL concentration. For this reason, species 
with UT-BL greater than 1 were discarded as this is indicative of a strong UT source or significant 
horizontal transport at upper levels. Free tropospheric entrainment and horizontal transport in the 
UT were not explicitly treated when constructing these ratios. We hope to explore the impacts of 
entrainment in a further study. 
Another key component of this study was to examine the effect of trace gas lifetime on 
convective transport. The UT-BL ratios were examined in relation to species’ photochemical 
lifetime to determine how the longevity of a trace gas will impact its convective influence on the 
UT. Species with different lifetimes will be affected by convection in different ways – the very 
short-lived trace gasses would only be transported from the BL to the UT under extremely 
convective conditions (e.g., through convective cores whose vertical velocity is as high as 10 m/s 
or above), while those with longer lifetimes would more effectively be uplifted by a spectrum of 
upward motions, not just extremely convective events. Given this, we aim to summarize the 
efficiency of transport with a simple metric to quantify the fraction of successful transport into the 
UT, and explore how this is related to trace gas lifetime.  
To examine the effect that lifetime had on efficiency of transport and convective influence, 
we required the general atmospheric lifetime for each species. Atmospheric trace gas lifetimes 
were provided via personal communication with Sue Schauffler and Valeria Donets (Schauffler, 
personal communication 2017). Their estimations were based on the Update on Ozone-Depleting 
Substances (ODSs) and Other Gases of Interest to the Montreal Protocol by Carpenter et al (2014), 
as well as calculations made from field measurements in the region. Of course, lifetimes vary with 
location and atmospheric conditions, but for our purposes we simply used a baseline estimation 
 5  
 
for each species’ lifetime (McKeen et al 1993; Patra et al 2014; Parish et al 1992). Changes to 
lifetime upon UT injection was neglected. The values used are shown in table 1. 
Table 1: Select trace gasses observed by CONTRAST from the TOGA and AWAS instruments 
and their photochemical lifetimes. 
 
2.2 CONTRAST Experiment and Data Used 
The CONTRAST flight mission collected trace gas measurements for a suite of chemical 
species with a wide range of lifetimes, spanning from hours to years. The mission was based out 
of Guam (13.5° N, 144.8° E) during boreal winter, the season of peak convection. The scientific 
objectives of the mission as stated in the Experimental Design Overview (EDO) are to 1) 
characterize the chemical composition of at the height of peak convective influence, 2) assess 
organic and inorganic budgets of bromine and iodine in the tropical tropopause layer (TLL), and 
3) examine transport pathways from the surface to the tropopause. The CONTRAST team 
designed a mission that was successful in thoroughly sampling several convective conditions in 
the TWP in accordance with these objectives. The CONTRAST mission’s investigation of 
transport pathways from the oceanic surface to the tropopause was done using coordinated flights 
ID Instrument Observed Trace Gas Atmospheric  Lifetime [Days] ID Instrument Observed Trace Gas Atmospheric  Lifetime [Days]
1 TOGA Acetaldehyde 0.8 34 AWAS Isopropylnitrate 11
2 TOGA Methyl Vinyl Ketone (MVK) 1 35 AWAS Bromoform 15
3 TOGA Dimethyl Sulfide (DMS) 1 36 AWAS Chlorobenzene 20
4 TOGA n-Butane 1 37 AWAS Ethyne 21
5 TOGA Formaldehyde 1.4 39 AWAS Ethane 67.5
6 TOGA Ethyl Benzene 2 40 AWAS CHBr2Cl 72
7 TOGA Methyl Ethyl Ketone (MEK) 3 41 AWAS CHBrCl2 81
8 TOGA Isopentane 3.2 42 AWAS Dichloroethane 90
9 TOGA Methyl Iodide 4 43 AWAS C2Cl4 110
10 TOGA Isobutane 6 44 AWAS Methylene Chloride 111
11 TOGA Benzene 10 45 AWAS CH2BrCl 150
12 TOGA Propane 10.5 46 AWAS Methyl Bromide 225
13 TOGA Methanol 12 47 AWAS Methylene Bromide 225
14 TOGA Bromoform 15 48 AWAS Chloroform 547.5
15 TOGA Ethyl Nitrate 15 49 AWAS Methyl Chloride 547.5
16 TOGA Chlorobenzene 20 50 AWAS Methyl Chloroform 1825
17 TOGA Dibromomethane 94 51 AWAS HCFC 141b 3431
18 TOGA Tetrachloroethylene 109 38 AWAS Propane 28
19 TOGA Dichloromethane 109 52 AWAS HFC-365-MFC 3720
20 TOGA Methylene Chloride 111 53 AWAS HCFC 22 4344
21 TOGA Chloroform 112 54 AWAS HCFC 134a 5110
22 TOGA Acetonitrile 174 55 AWAS HCFC 142b 6570
23 TOGA Methyl Bromide 292 56 AWAS Halon 1211 7300
24 TOGA Carbon Tetrachloride 9490 57 AWAS Halon 2402 7300
25 AWAS DMS 2.5 58 AWAS CCl4 9490
26 AWAS Isopentane 3 59 AWAS OCS 10950
27 AWAS n-Pentane 3 60 AWAS CFC112a 16060
28 AWAS Isobutane 7 61 AWAS CFC11 18250
29 AWAS n-Butane 7 62 AWAS CFC112 18615
30 AWAS ButylNitrate 2 9 63 AWAS CFC113 31025
31 AWAS ButylNitrate n 9 64 AWAS CFC12 37230
32 AWAS Benzene 10 65 AWAS CFC114 109500
33 AWAS Ethyl Nitrate 11
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with two partner field experiments – Airborne Tropical Tropopause Experiment (ATTREX; Jensen 
et al. 2017) and Coordinated Airborne Studies in the Tropics (CAST; Harris et al. 2017). This 
allowed for a full characterization of convective transport and thus chemical influence from the 
boundary layer into the lower stratosphere. 
Chemical species data was collected using the TOGA and AWAS instruments, both of 
which will be considered in this analysis. TOGA measures trace gas concentrations in-situ and has 
a much higher sampling frequency than AWAS. It is also capable of measuring several oxygenated 
VOCs that cannot properly be sampled using whole air canisters. AWAS has a much lower spatial 
resolution but is capable of higher precision and can measure a full suite of halocarbons, organic 
nitrates, and non-methane hydrocarbons (NMHCs). Sampling overlap exists between the two 
instruments which allowed for comparison of the data collected (Apel et al 2015; Atlas et al 2014; 
Pan et al 2017). A set of trace gasses best suited for determining impacts of convection on the 
regional UT were determined, shown in table 1. 
To produce meaningful UT-BL ratios and vertical profiles, selected trace gasses had to 
have to have ample sampling through the vertical extents defined for our UT and BL segments. 
The BL height was set between the surface and 2 km. This was determined using the MBL heights 
in the tropics derived by Chan et al (2013). The 98th percentile of BL data was used in our analysis. 
This eliminated BL outliers represented in the largest 2% of data. These anomalous data points 
were mostly sampled directly over Guam and showed strong anthropogenic pollution associated 
with the developed area and thus are not representative of the MBL. 
The UT was defined as the range from 10 to 13 km, based on previous literature which 
defines the height of peak convection to be near 12 km altitude (Fierli et al 2008; Heymsfield et al 
2010; Takahashi and Luo 2012). This height is also identified as the lapse rate minimum, which 
CONTRAST’S EDO identifies as a key level of convective influence and thus was the main 
sampling level during the campaign. This height selection is further justified by analysis of 
CloudSat satellite data which identify this as the height of peak cloud fraction averaged between 
140° E and 150° E during the time and regional extent of the CONTRAST mission. The 
examination of vertical profiles of select convectively influenced species such as halogens and 
bromocarbons further confirms this – the 10km to 13km region shows enhancements in 
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concentration associated with deep convective transport and injection from the MBL (Pan et al. 
2017). 
In addition to adequate sampling, select trace gasses had to also have appropriate chemical 
behaviors as to inform on convective transport. Certain indicators that were grounds for exclusion 
were very high levels of UT production or BL sinks. These species were not mainly added to the 
UT via updraft, and therefore would be misleading if used to characterize convective influence. 
An example is HCN which exhibits a strong BL sink but has a relatively long UT lifetime (Singh 
et al 2003). This results in UT-BL values greater than 1 due to strong UT presence unrelated to 
vertical transport and near-zero BL concentrations. In addition, all southern hemisphere 
measurements were excluded as there were significant interhemispheric differences in sampling, 
overall chemical composition, emissions and removal processes between the two hemispheres 
(Singh, et al. 1993).  
 
2.3 CAMchem 
The CAMchem model is the chemistry module of the Community Earth System Model 
(CESM) version 4 and provides a representation of the chemistry-climate coupling in a global 
three-dimensional setting. The physics and dynamics are based on the Community Atmosphere 
Modem (CAM) and the chemistry component is integrated into these atmospheric conditions. This 
model was initially developed to construct an atmosphere where the distribution of radiatively 
active gasses and aerosols could be modelled to assist in the understanding of Earth’s radiative 
balance and potential impacts on climate. This study uses CAMchem with specified 
meteorological fields from the atmospheric dynamics observed during the CONTRAST flight 
mission which allowed for dynamic conditions and convective transport to be modeled as close to 
the observed conditions as possible. This version of the model does not include ocean and ice 
dynamics, and only includes atmosphere and land components (Lamarque et al 2012).  
CAMchem’s ability to run with on-track specified dynamics is a unique feature not 
available with our second model, WACCM. This method uses the horizontal wind components, 
surface temperature and pressure, sensible and latent heat flux and wind stress provided from the 
along-track CONTRAST measurements to simulate the dynamics observed during the mission. A 
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sub-stepping procedure is used to calculate the changes in meteorological fields through time - the 
advection equation for mass flux, temperature, and velocity fields are calculated with each time 
step. This acts to reduce disagreements between modeled and observed velocity and mass fields, 
and therefore allow for the most accurate representation of tracer transport possible (Lamarque et 
al 2012).  
Previous applications of CAMchem have proved its usefulness in representing atmospheric 
conditions through the troposphere and stratosphere, making it suitable for the purposes of this 
study (Aghedo et al 2011). CAM version 4 includes improvements to the representation of deep 
convection, so its simulation of the TWP warm pool is refined compared to previous versions. 
CAMchem offers an extensive list of both tracers and aerosols as well as an extensive list of 
atmospheric chemical reactions resolved by the model (Lamarque et al 2012). Tracers used in this 
study are described in table 2 and were selected to best match the lifetime ranges of trace gasses 
sampled by TOGA and AWAS instruments.  
 
2.4 WACCM 
WACCM is a component of the NCAR Community Earth System Model (CESM) with a 
vertical extent from the surface to the lower thermosphere. Developed for the purposes of studying 
the variability in dynamics and tracer distribution, this model provides an excellent point of 
comparison to the CONTRAST in-situ data. The version used in this study has a horizontal 
resolution of 1.9° latitude by 2.5° longitude and includes Earth surface topography. It is considered 
a ‘high top’ chemistry-climate model due to its expansive vertical extent reaching from the surface 
to near 140 km (Marsh et al. 2013; Garcia et al 2007).  We have confined our study to the 
troposphere, corresponding to the lowest 19 of the 66 total levels. Data was compiled from the 
equator to 40° north, and 130° to 150° east. The UT was defined as levels between 150 hPa and 
290 hPa and BL was defined as all levels with pressures greater than 878 hPa – this roughly 
corresponds to 10-13 km for UT and 0-2 km for BL to match the definitions used for the 
CONTRAST observations. Runs for this study were completed for the year 1957. 
One appealing feature of WACCM is its stratosphere-troposphere coupling. This is 
necessary to provide a realistic depiction of tropospheric weather and convective patterns and is 
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particularly important in the TWP warm pool (and the tropics in general) where much of 
tropospheric injection into the stratosphere occurs. While this study does not explicitly include 
them, stratospheric interactions are a direct implication of the convective transport and changes to 
UT chemistry discussed in this paper.   
Seven artificial passive tracers are released at a constant rate from the surface and 
transported according to wind fields and parameterized cumulus convection. This will provide 
information regarding the transport of species from the surface and their resulting distribution 
throughout the atmosphere. Each tracer is assigned an atmospheric loss rate which defines their 
atmospheric lifetime, providing insight as to how tracers of different lifetimes are affected by 
convection (Abalos, et al. 2017). The artificial tracers included in this run of WACCM include 
lifetimes of 0.5 days (E05), 1 day (E1), 5 days (E5), 10 days (E10), 20 days (E20), 40 days (E40), 
90 days (E90), and 200 days (E200), as summarized in table 2. This provides a range of lifetimes 
that is comparable to those of trace gasses measured during CONTRAST.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2: Select tracers modeled by CAMchem and artificial tracers produced by WACCM. 
ID Model
Modeled 
Tracer
Tracer Lifetime 
[Days]
1 CAMchem DMS 2.5
2 CAMchem CH3I 4
3 CAMchem BENZENE 10
4 CAMchem C3H8 10.5
5 CAMchem CHBR3 15
6 CAMchem CHBR2CL 32
7 CAMchem CHBRCL2 41
8 CAMchem CH3BR 225
9 CAMchem CH3CL 547.5
10 CAMchem HCFC141B 3431
11 CAMchem HCFC22 4343.5
12 CAMchem HCFC142B 6570
13 CAMchem CCL4 9490
14 CAMchem CFC11 18250
15 CAMchem CFC113 31025
16 CAMchem CFC12 37230
17 CAMchem CFC114 109500
18 WACCM E05 0.5
19 WACCM E1 1
20 WACCM E10 10
21 WACCM E20 20
22 WACCM E40 40
23 WACCM E90 90
24 WACCM E200 200
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3. Results & Discussion 
3.1 Analysis of Vertical Profiles: Observations & Model Simulations 
3.1.1 CONTRAST Observations  
Vertical profiles were constructed for both the TOGA and AWAS measurements taken 
during CONTRAST. A set of trace gas profiles are displayed in figures 1 and 2, which demonstrate 
both the per-kilometer level concentration distribution and sampling rates per level. A pattern of 
vertical profile features varying with species lifetime begins to emerge, leading us to develop three 
trace gas groups depending their approximate lifetime ranges – these are 1) long lifetimes (upwards 
of 100 days), 2) intermediate lifetimes (10-100 days), and short lifetimes (hours to a few days).  
 
Figure 1: Vertical profiles for 6 trace gasses sampled by TOGA shown in (a) through (f) for a 
range of lifetimes. Boxplots represent sampled distribution binned per 1-kilomter height level, 
and all samples shown in blue. Panel (g) shows sampling rates per level. 
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The long lifetime species profiles display a roughly featureless vertical structure, indicative 
of their relatively constant concentrations throughout the troposphere – these can be seen in figures 
1 and 2 panels (e) and (f). We observe that trace gasses with longer lifetimes allow them enough 
persistence to be homogenously distributed through the troposphere. One exemplary trace gas that 
demonstrates this behavior is CFC11 (figure 2 (f)). Its 50-year photochemical lifetime is 
extraordinarily long, so CFC11 does not rely solely on deep convective transport for uplift; its 
slow rate of decay allows it to be transported to the UT through the general circulation of the 
atmosphere. While deep convective transport can act to distribute CFC11 upwards from the 
surface, this is not the sole mechanism responsible for its transport. While a 50-year lifetime is an 
extreme case, this behavior begins to appear for trace gasses with lifetimes exceeding 100 days.  
Figure 2: Vertical profiles for 6 trace gasses sampled by AWAS shown in (a) through (f) for a 
range of lifetimes. Boxplots represent sampled distribution binned per 1-kilomter height level, 
and all samples shown in blue. Panel (g) shows sampling rates per level.  
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The intermediate species have lifetimes ranging from around 10 to 100 days. The exact 
threshold is not clearly defined, but we hope to determine the exact cutoff in future work. These 
species show a distinctive reverse-s shape profile with peak concentrations in the MBL (the source 
region) as shown in figure 1 panels (c) and (d), and figure 2 panels (b), (c), and (d). Concentrations 
quickly decay in the free troposphere until beginning to rise again approaching the UT. Peak UT 
concentrations are elevated with respect to the free troposphere but are generally a fraction of those 
found in the MBL. This is indicative of transport via strong convective updraft – trace gasses are 
entrained into the deep convective system in the MBL, quickly transported upwards, and then 
detrained in the UT. The intermediate lifetimes allow for these trace gasses to live long enough to 
successfully make their way into the UT, but not long enough to be transported there by gentle 
lofting alone.  
The presence of these intermediate species in the UT is directly linked to convection and 
they are believed to have the greatest impact on UT chemistry in the study region. A key example 
sampled during the CONTRAST campaign are halogenated species such as bromoform (figure 1 
(d) and 2 (c)). It exhibits the reverse s-shape indicative of deep convective transport, is MBL 
sourced, and has significant impacts on UT chemistry. Bromoform is a key species in ozone-
destroying reactions in the UT as discussed in section 1.  
The third and shortest-lived species group has lifetimes of only hours up to a few days. 
This group shows some similarities to the intermediate lifetime group, as they also have peak 
concentrations in the MBL and decay quickly in the free troposphere. However, these short 
lifetime trace gasses do not necessarily show significant enhancement in the UT. For the most part, 
these species are not sampled in the UT save for a few outliers associated with direct sampling of 
deep convective outflow and updrafts (for example, Research Flight 11 as explored by Pan et al. 
2015). While this group is expected to have impacts on UT chemistry on local scales co-located 
with strong updrafts, these trace gasses are not well represented in the UT region. This is a result 
of their extremely short lifetimes which make successful transport to the UT extremely rare. When 
they are successfully transported, it is not in significant amounts with respect to the scope of the 
study region. Most of these short lifetimes gasses were eliminated due to lack of sampling in the 
UT, but a few were retained to represent the short lifetime species in this study – these include 
DMS (figure 1 (a)) and 2 (b) and acetaldehyde (figure 1 (a)). 
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3.1.2 CAMchem Simulations 
Vertical profiles constructed for the CAMchem model simulations behave remarkably 
similarly to those developed using the CONTRAST observations. The same three tracer groups 
are evident in both models and simulations. One example of a long-lived tracer, bromomethane 
(figure 3 (f)), exhibits a featureless vertical profile as expected based on our measurement profiles 
of trace gasses with similar lifetimes. The intermediate lifetime tracers, bromoform, CHBr2Cl, and 
CHBrCl2 (figure 3 panels (c), (d), and (e)) all have the reverse-s shape profile we discussed as 
indicative of deep convective transport to the UT. The shortest lifetime tracers presented, DMS 
and methyl iodide (figure 3 (a) and (b)) show quick decay above the surface, paired with evident 
enhancement at the 11-kilometer level. This is roughly consistent with the peak UT concentrations 
observed during CONTRAST, observed at 11 and 12 km. 
 
Figure 3:  Vertical profiles for 6 sample tracers modeled by the CAMchem model shown in (a) 
through (f) for a range of lifetimes. Boxplots represent distribution binned per 1-kilomter height 
level, and plot of all model samples shown in blue. Samples per bin for each tracer shown in (g). 
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3.1.3 WACCM Simulations 
The WACCM vertical profiles (figure 4) display the per-kilometer level concentration 
distribution per each 1-kilometer bin, as for the CONTRAST and CAMchem profiles. However, 
the concentrations for the WACCM outputs are scaled to the mean concentration of the boundary 
layer (the bin closest to the surface). Due to this scaling factor, all boundary layer concentrations 
are shown as 1 – also read as 100% concentration – with each layer above showing the scaled 
concentration in comparison. This begins to give some indication of transport efficiency from the 
surface source to each altitude level above. The scaling factor also allows tracers with different 
concentrations to be readily compared – rather than looking at the concentration value itself, we 
can interpret transport fraction form the surface.  
These modeled vertical profiles are found to be mostly in agreement with those constructed 
from observational data, as well as those of the CAMchem simulations. Again, the profile features 
tend to be a function of tracer lifetime. The longest-lived tracers, E90 and E200 (figure 4 (f) and 
(g)) exhibit some decay above the MBL, but otherwise have relatively featureless vertical profiles 
with no signature of deep convective transport. Intermediate lifetime tracers, E10, E20, and E40 
(figure 4 panels (c), (d), and (e)) show the distinctive reverse-s shape profile with peak 
concentrations in the MBL and subsequent enhancement in the UT consistent with deep convective 
transport. The short lifetime tracers, E05 and E1 (figure 4 (a) and (b)) demonstrate some departure 
from the CONTRAST observations. These artificial tracers show quick decay above the surface, 
but little enhancement at the UT level. In addition, there seems to be significant tracer enhancement 
in the mid-troposphere at 7-km not present in observations.  
Despite some mid-level enhancements not consistent with the CONTRAST measurements, 
the behavior of these three groups is overall comparable with the observational profiles. 
Discrepancies will be discussed in detail in section 3.1.4 along with a full model-observation 
comparison. 
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Figure 4:  Vertical profiles for the 7 artificial tracers (E05, E1, E10, E20, E40, E90, E200) 
produced by the WACCM model. Data is compiled for each height level based on model outputs 
for the equator to 40° north and from 130° to 150° east. 
 
3.1.4 Developing Tracer Groups and Vertical Profile Comparisons 
Vertical profile structures are generally consistent between the WACCM and CAMchem 
models and observations made by TOGA and AWAS. This is indicated by the consistency of the 
three tracer groups observed across vertical profiles.  
The longest lifetime tracer group’s behavior is demonstrated well by a comparison of 
WACCM’s artificial tracer E200 (figure 4 (g)), CAMchem’s modeled bromomethane (figure 3 
(b)), and TOGA observational data for acetonitrile (figure 1 (f)). These three have lifetimes ranging 
from 174 to 225 days and display relatively homogenous distribution throughout the atmosphere -  
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their distribution and transport is not directly controlled by convection, as members of this group 
can survive long enough in the troposphere to allow for dispersion to the UT through slow lofting 
alone. Strong similarities between observed and modeled results are expected, as this range of 
transport is dominated by large-scale atmospheric dynamics and is not strongly dependent on the 
models’ cumulus parametrization. Observations and models both show roughly 90-100% of BL 
concentration in the UT. 
The intermediate and short lifetime species transport in CAMchem and WACCM depend 
directly on the models’ parameterizations of convection, and as a result, their simulated behavior 
becomes more complex. Despite this, we found that the models perform well in their representation 
of tracer transport. For the intermediate lifetime tracers, the distinctive reverse-s shape profile is 
indicative of air entrainment in the MBL, fast transport through strong convective cores, and 
subsequent detrainment in the UT. This is demonstrated well through the vertical profiles of 
observed bromoform (figure 1 (d), 2 (c)), CAMchem modeled bromoform (figure 3 (c)), and 
WACCM’s artificial tracer E20 (figure 4 (d))– these all have lifetimes ranging from 15-20 days, 
falling well within the intermediate group. The strong similarities in the three profiles indicates 
the ability of both models to accurately simulate the convective transport of tracers with 
intermediate range lifetimes as observed during CONTRAST. UT enhancement occurs in either 
the 11 or 12 km bins, consistent with the proposed height of deep convective outflow. Observed 
bromoform shows UT concentrations between 60-80% that of the BL while E20 shows 
concentrations between 60-70% that of the BL. A similar observation is made for the CAMchem 
profiles, with transport to the UT found to be slightly lower, between 50-60% of BL. These 
similarities in transport fraction gives us confidence that transport of this intermediate tracer group 
into the UT is realistically modelled by both WACCM and CAMchem.  
The vertical distribution of short lifetime tracers characterized by WACCM are not as 
consistent with the observed results as the intermediate and long lifetime tracers, although the most 
prominent feature. i.e., fast decay with height, is still broadly captured by the model. A useful 
comparison is that between observed DMS (figure 1 (b), 2 (a)), CAMchem modeled DMS (figure 
3 (a)), and artificial E1 (figure 4 (b)), as they all have a lifetime of 1 day. The most evident 
difference is at the height of deep convective outflow, 13 km, where observed DMS from TOGA 
shows a clear enhancement. This enhancement is not evident in the WACCM profile. One 
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explanation is that this is due to the compiling of all WACCM data between 130° to 150° east from 
0° to 40° north. Due to this data treatment, any modeled enhancement in the UT for such a short-
lived tracer would be smoothed out due to the rarity of successful transport to outflow height. 
Enhancements located near intense updraft cores are very small in scope of the entire region. This 
contrasts with the representation of enhancements observed during the flight campaign as these 
fresh outflow regions were specifically sought out, and so are more likely to be represented in 
along-track means. This fundamental difference in the treatment of our level means is likely 
responsible for this discrepancy. Observed DMS averages represent a summary of all successful 
sampling of DMS at the UT level, while the WACCM mean is averaged for the whole region 
which often did not show E1 enhancements at that level. 
There are some additional deviations between the observed DMS data and WACCM 
modeled E1 in the free troposphere. WACCM’s E1 shows a mid-level uptick in concentration, but 
this feature is not evident in the observational or CAMchem profiles for DMS. One potential 
explanation is that this is possibly indicative of WACCM accurately representing cumulus 
congestus – outflow in the midlevel troposphere related to mid-level tropical cumulus clouds 
prevalent in the tropics (Johnson, 1999). This is suggested by the increase in tracer concentrations 
near the 7-km level, and is particularly evident in the shortest-lived species where these 
enhancements stand out against the relatively low concentrations just above the BL. This type of 
convection would not be well represented in the CONTRAST measurements as the research flights 
did not spend a great deal of time sampling the free troposphere and did not specifically target this 
type of outflow. Despite numerous ascents and descents to sample the vertical structure of the 
atmosphere, they did not spend an extended time cruising at the 7-km level. It is possible that this 
cumulus congestus did in fact exist during the campaign but was not strongly represented in the 
observational data due to insufficient sampling at that level. As CAMchem was developed using 
the along-track dynamics from the flight campaign, it is expected that this feature would not be 
present in CAMchem either. 
 
3.2 UT-BL Ratio & Tracer Lifetime 
The vertical profile analysis in section 3.1 provides adequate groundwork for the 
quantification of convective influence on the UT – we observe different rates of UT enhancement 
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depending on lifetime, and our goal is to quantify these rates. Our metric of choice is the ratio of 
mean UT to BL concentration (UT-BL), as this value concisely summarizes the efficiency of 
transport between the two regions. With the BL as the species source region and the UT as the 
destination region, a ratio will show what fraction was successfully transported upwards. Mean 
values allow us to summarize the convective influence over the entire TWP region.  
            The UT-BL values closest to 1 represent perfectly efficient convection, as UT 
concentrations match those in the BL. Values near zero represent inefficient convection, as nearly 
none of the trace gas has been transported vertically. Values in between describe various rates of 
convective efficiency, and may indicate varying rates of potential convective influence on the UT.  
 
Figure 5: Relationship between photochemical lifetime of a trace gas and its UT-BL ratio value 
for all data sources. CONTRAST observed species from TOGA, AWAS, modeled WACCM 
tracers, and CAMchem tracers. TOGA and AWAS trace gasses in figure 5 with lifetimes less 
than 1000 days numbered according to table 3.  
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Table 3: TOGA and AWAS trace gasses in figure 5 with lifetimes less than 1000 days. 
 
            A compact relationship is revealed when UT-BL is plotted against the log of photochemical 
lifetime (figure 5). Ratios from TOGA, AWAS observations (gray and numbered), WACCM 
(blue), and CAMchem (red) models are included. Observed trace gasses with lifetimes less than 
1000 days are numbered according to the adjacent table to allow for study of individual trace gas 
behavior.  
This relationship communicates the dependence of transport efficiency on trace gas 
lifetime which seems to be consistent for both modeled and observed species. Shortest lifetime 
species to the far left show the greatest variability with models reporting a ratio near zero but 
observations showing higher values. This is likely due to sampling differences in observations and 
models, as discussed in section 3.1.4 – CONTRAST observations were collected during direct 
sampling of strong updrafts, and thus captured enhancements that would otherwise be smoothed 
out by large area averaging as in WACCM.  The low ratios reported by WACCM for these short 
lifetime species indicates the low rate of transport from the BL to the UT in the scope of the entire 
region. The higher ratios reported by observations are a product of biased sampling of deep 
convective outflow thus over-representing the enhancement of these short-lived species in the UT. 
Again, the enhancement of these very short-lived trace gasses coincide only with the freshest deep 
convective outflows and are not well represented in the entire region.  
ID Instrument Observed Trace Gas Atmospheric  Lifetime [Days] ID Instrument Observed Trace Gas Atmospheric  Lifetime [Days]
1 TOGA Acetaldehyde 0.8 24 AWAS DMS 2.5
2 TOGA Methyl Vinyl Ketone (MVK) 30 25 AWAS Isopentane 3
3 TOGA Dimethyl Sulfide (DMS) 1 26 AWAS n-Pentane 3
4 TOGA n-Butane 1 27 AWAS Isobutane 7
5 TOGA Tetrachloroethylene 1 28 AWAS n-Butane 7
6 TOGA Formaldehyde 1.4 29 AWAS ButylNitrate 2 9
7 TOGA Ethyl Benzene 2 30 AWAS ButylNitrate n 9
8 TOGA Methyl Ethyl Ketone (MEK) 3 31 AWAS Benzene 10
9 TOGA Isopentane 3.2 32 AWAS Ethyl Nitrate 11
10 TOGA Methyl Iodide 4 33 AWAS Isopropylnitrate 11
11 TOGA Isobutane 6 34 AWAS Bromoform 15
12 TOGA Benzene 10 35 AWAS Chlorobenzene 20
13 TOGA Propane 10.5 36 AWAS Ethyne 21
14 TOGA Methanol 12 37 AWAS Propane 28
15 TOGA Bromoform 15 38 AWAS Ethane 67.5
16 TOGA Ethyl Nitrate 15 39 AWAS CHBr2Cl 72
17 TOGA Chlorobenzene 20 40 AWAS CHBrCl2 81
18 TOGA Dibromomethane 94 41 AWAS Dichloroethane 90
19 TOGA Dichloromethane 109 42 AWAS C2Cl4 110
20 TOGA Methyl Chloroform 109 43 AWAS Methylene Chloride 111
21 TOGA Chloroform 112 44 AWAS CH2BrCl 150
22 TOGA Acetonitrile 174 45 AWAS Methyl Bromide 225
23 TOGA Methyl Bromide 292 46 AWAS Methylene Bromide 225
47 AWAS Chloroform 547.5
48 AWAS Methyl Chloride 547.5
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 As lifetimes increase, so do the UT-BL ratios – this is evident for chemical species with 
lifetimes approximately between 10 and 100 days, encompassing our intermediate lifetime group. 
The observed increase of UT-BL in this range indicates that convective influence of these 
intermediate lifetime trace gasses varies with photochemical lifetime. There is a direct link with 
lifetime and how effectively that chemical species is transported to the UT via convective updraft. 
A wide range of UT-BL values over this wide range of lifetimes demonstrates that this group has 
the most variation in convective influence on the UT, directly controlled by photochemical 
lifetime. There is also a remarkable consistency between ratios produced from observed species 
and those produced from model outputs in this range. This group coincides with the intermediate 
lifetime group whose vertical profiles show the distinct reverse s-shape indicative of convective 
transport. Transport of trace gasses in this group is controlled by the strong and constant deep 
convection in our study region.   
            This increase of UT-BL with photochemical lifetime occurs until a turning point we 
observe to be somewhere between 200 days and 1 year. Here, ratios stop increasing with lifetime 
and begin to plateau at around a value of 1. This plateau at a UT-BL of 1 is indicative of transition 
into the long lifetime group, with maximum and constant convective influence as they are saturated 
throughout the entire troposphere. Ratio values of 1 indicate UT and BL concentrations are the 
same, as these trace gasses are for the most part homogenously distributed throughout the 
troposphere. While deep convective transport may contribute to some extent, the main addition to 
the UT budget of these trace gasses would be general overturning circulation of the atmosphere. 
The long photochemical lifetimes allow these species to travel along that pathway and be 
successfully dispersed without being destroyed.  
             Besides the higher variance seen for the extremely short lifetime tracers, this relationship 
is quite compact. Both in-situ data from TOGA and AWAS as well as the CAMchem and WACCM 
models adhere to this observed trend. The similarities between the ratio and lifetime analysis of 
modeled tracers and observed species indicate that the models are overall capable of accurately 
characterizing convective transport in the region. The broad scale convective influence on the UT 
is represented by models in such a way that resembles the transport rates established by the 
CONTRAST mission. This demonstrates the success of CAMchem’s and WACCM’s cumulus 
parameterization for a wide range of tracer lifetimes. 
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3.3 Implications and Caveats 
The dependence of UT-BL on photochemical lifetime is a significant result as it provides 
a direct link between photochemical lifetime of a species and its convective influence in the UT in 
the study region. While this dependence is somewhat intuitive, it has not yet been quantified or 
explored in such a way prior to our development of the UT-BL metric. Additionally, the reported 
results fit well into the framework laid out by the CONTRAST team’s initial mission to explore 
transport pathways from the marine BL into the UTLS region (Pan et al. 2017). Our use of this 
UT-BL metric establishes a succinct summary of convective transport via these pathways, and the 
relationship with photochemical lifetimes establishes a pattern consistent with what we expected 
to find from a highly convective region such as the TWP – short and intermediate lifetimes species 
with lifetimes too short to be transported via large scale atmospheric overturning are injected into 
the UT via deep convective cores and strong updrafts.  
Note that convective transports take on a wide range of time scales: the large-scale vertical 
motions in the convective environment are on the order of 1 mm/s (e.g., Yanai et al. 1973), which 
means that an air parcel is lifted from the MBL to the UT (say, 13 km) on a time scale of about 
150 days. In contrast, convective cores, which have characteristic vertical velocity of 10 m/s 
(Hemysfield et al. 2010) can complete the same transport within 20 minutes. The presence of 
intermediate and extremely short lifetime species in the UT cannot be explained without this deep 
convective transport mechanism, as they would otherwise decay before reaching those altitudes.  
Furthermore, it is remarkable that both CAMchem and WACCM can largely reproduce the 
observed UT-BL ratio versus species lifetime relationship. Due to the small spatial scale of the 
convective cores, usually on the order of 1 km, their effects are not explicitly simulated in global 
models but are parameterized in the model’s cumulus parameterization scheme. Therefore, at the 
short end of the species lifetime in Figure 5, it is almost entirely the parameterized convective 
transport that is responsible for the simulated UT-BL ratio. For species with longer lifetimes, both 
large-scale transport and parameterized transport make contributions. Again, both models seem to 
show good performance at longer timescales as well. 
There is evident departure between the modeled and observed UT-BL at very short 
timescales. We argue that this is largely due to the sampling differences, as CONTRAST 
observations primarily sampled fresh convective outflow and WACCM was averaged over the 
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entire study region. Observation means are created only from successful instances of sampling, 
and so do not consider the high rate of non-detects and measurements below TOGA’s detection 
limit because of the relatively rare encounters with short lifetime trace gasses in the UT throughout 
the campaign. This leads to over-representation of UT enhancement of these species, resulting in 
higher than expected ratios. The ‘Limit of Detection (LOD) Divided by Two’ method summarized 
by Cohen and Ryan, 2012 acted as a preliminary test to examine how these below LOD samples 
were affecting our mean values (Hornbrook, personal communication 2017). Here we assigned a 
value of half each trace gas’ LOD to all measurements found to be below LOD – for example, the 
LOD for DMS was 0.7 pptv and 89% of measurements of this trace gas were below detection limit. 
Each of these instances was originally not included in the mean, but for this instance was assigned 
a value of 0.35. DMS’ UT-BL value drops from 0.340 to 0.003 which is likely much more 
representative of the entire study area. 
 
Figure 6: Adjust TOGA species measurements below detection limit to 50% of detection limit to 
produce more statistically robust means. When observed short lived species are put into realistic 
context with low UT measurements via this method, observations are much more aligned with 
the models. TOGA and AWAS tracer numbering corresponds to table 3.   
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Application of this technique to all TOGA trace gas measurements triggers some 
improvement to the UT-BL against tracer lifetime relationship, particularly on the shortest 
timescales. This demonstrates that adjustment of below LOD values can potentially be applied to 
produce more realistic averages especially for short lived species. When this technique is applied, 
modeled and observed UT-BL values for short photochemical lifetime species become comparable 
(figure 6). For this reason, we assert that the differences in short lifetime species before treatment 
of below LOD values (figure 5) are largely due to sampling differences rather than shortcomings 
in WACCMs convection parameterization. The fact that the models can capture the UT-BL ratio 
for very short-lived species can thus be interpreted as lending some support to the fidelity of the 
models’ cumulus parameterization.  
There are a few caveats to this study, one being our definition of trace gas lifetimes. We 
use approximate lifetimes for the MBL, described by a single value. However, these 
photochemical lifetimes are in fact incredibly variable depending on the atmospheric conditions at 
the time such as temperature or humidity (McKeen et al 1993; Patra et al 2014; Parish et al 1992). 
Furthermore, many halogen lifetimes have a strong dependence on the presence of sunlight – this 
leads to strong day/night contrasts in chemical lifetimes, relevant because CONTRAST flew both 
daytime and nighttime flights (Pan et al. 2017). Despite these potential variations in our lifetime 
values, we believe that the approximate lifetimes used in this study do an adequate job of 
describing the pattern of influence related to the UT.  
 Another caveat would be the potential issue of misrepresentation of free tropospheric 
convection characterized by the WACCM model. While this very well may have an impact on the 
rate of mid-troposphere entrainment/detrainment, it does not seem to significantly affect the 
characterization of convection in the altitudes of interest for this study. In addition, WACCMs 
characterization of deep convective transport of short lifetime species such as E05 and E1 did not 
match the observations as well as the longer-lived species. Again, rather than attributing this to an 
error in modeling, it is likely that this is due to sampling differences affecting the calculation of 
means at each level. WACCM’s sampling is more homogeneous in the study region, while 
CONTRAST measurements tend to favor air masses more recently influenced by fresh convective 
outflow.  
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 We also must recognize that this study does not treat entrainment explicitly. This means 
that there is the potential for horizontal flow in the UT in addition to potential mid tropospheric 
entrainment or detrainment from the air mass during vertical transport. This allows for the 
possibility that UT concentrations sampled are influenced more by background air than the 
vertically transported BL air mass – samples may in fact be a combination of aged UT air and 
entrained mid troposphere air. Nonetheless, we believe that this study reasonably explains broad 
scale convective influence on the UT in the study region despite neglecting the potential influences 
from entrainment.  
 
3.4 Future Work 
 Future work will build on this observed dependence of UT-BL on species lifetime allowing 
us to infer the mean age of air masses sampled, thus indicating the general convective age of UT 
air in the TWP. Building off the work of Schoeberl et al. (2005), the observed dependence of UT-
BL on species lifetime can convey important information about convective transport and may have 
the potential to assist us in determining mean age of air based on the spectrum of observations. A 
numerical fit to the observed UT-BL to photochemical lifetime relationship may be determined, 
which will allow us to generalize the convective behavior of the region in a ‘transit time spectrum’, 
to describe the frequency distribution of ages of all air parcels that were sampled (Hall and Plumb 
1994; Waugh and Hall 2002). This concept is summarized in figure 7, demonstrating various 
pathways of tracer transport from the BL to the UT. Long lifetime species can travel along any of 
these pathways, while short and intermediate lifetime species are constrained to only pathways 1 
or 2. Each lifetime will inform us on a different portion of the spectrum, and using a suite of trace 
gasses with a wide range of lifetimes will allow us to diagnose the entire transit time spectrum. 
This can be used as an additional diagnostic to evaluate model simulations.  
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Figure 7: Top panel - Schematic indicating various pathways of tracer transport from marine 
boundary layer to upper troposphere. Bottom panel - Demonstrates various transport pathways 
as they relate to various portions the age spectrum of sampled trace gasses. 
 
 There would also be great benefit to closely examining certain case studies of individual 
strong convective updrafts, such as those observed during Research Flight 11. While this study 
focused on the regional scale effects of strong convection in the study area, the smaller scale 
impacts of extremely short lifetimes species injection was largely overlooked. Species for which 
we observed very rare sampling (DMS, acetaldehyde) may better be studied as individual instances 
of updrafts as opposed to in scope of the entire region (Pan et al 2017).  
 Finally, a closer look at stratospheric interactions is warranted, as the overshooting 
convective systems of the TWP are responsible for a large fraction of stratospheric injection from 
the troposphere. Bromine bearing species and short lived bromocarbons are explicitly linked to 
ozone destruction and chemical changes in the UTLS (Fernandez, R. P. et al 2014). Errors in 
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inorganic bromine budgets and transport pathways has led to errors in ozone budgets and models 
as the production and destruction of these species are closely linked. Application of our transport 
ratios as a metric to summarize stratospheric interaction may be useful in estimating stratospheric 
injection and transport, and can potentially allow for to better understanding of reaction chemistry, 
budgets, and transport pathways for these species in the UTLS (Salawitch, R. J. et al 2004).  
 
4. Conclusion   
The CONTRAST experiment, conducted in the TWP Warm Pool region in early 2014 
using the NSF/NCAR GV research aircraft provided a wealth of in-situ data for a variety of trace 
gasses with lifetimes ranging from less than a day to several years. A primary mission goal was to 
characterize the vertical extent of the troposphere, so nearly 100 vertical profiles were taken during 
the campaign. These profiles provide data on nearly the entire troposphere, with ample data 
collection at both the boundary layer and upper troposphere levels. This dataset lends a unique 
opportunity to assess the influence of deep convection on the chemical composition of the tropical 
UTLS. Specifically, measurements of 55 trace gas species from the TOGA and AWAS instruments 
allow for a study of the dependence of convective transport efficiency on the species’ 
photochemical lifetime, providing new insights into the underlying processes associated with 
convective transport. In addition to in-situ measurements, WACCM, a whole-atmosphere resolved 
chemical transport model, was also used to simulate the chemical transport of 7 artificial tracers 
with lifetimes roughly in the range of those sampled during CONTRAST. A second model, 
CAMchem, provided along-track tracer model data nudged by the specified dynamics provided by 
the CONTRAST campaign, 17 of which were included in this study. 
Two primary analysis methods were adopted in this study: the first method focuses on 
vertical profiles of all observed trace gases from the oceanic surface to the upper troposphere, and 
the second method is based on a simple parameter that provides a concise summary of the 
efficiency of convective transport, namely, the species UT:BL ratio, and its dependence on decay 
lifetime. The main findings of the study are summarized as follows:  
1. Our analysis of trace gas vertical profiles revealed three main groups delineated by their 
lifetime, - very long lived, intermediate, and short lifetime species. Each has distinct 
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distributions and behaviors. 1) Long-lived trace gasses such as CFCs have lifetimes near 
or greater than one year. They show relatively featureless vertical profiles as their transport 
from the surface to the UT can be accomplished by vertical motions of many different 
scales. The vertical structures of these profiles do not provide much information about 
convective transport. 2) Intermediate lifetime trace gasses such as bromoform have 
lifetimes from approximately 10 and 100 days. The vertical profiles for these species show 
a distinct revere s-shape, with peak concentrations in the BL, significant decay in the mid 
troposphere, and then further enhancement in the UT (10-13 km).  The UT enhancement is 
directly linked to convective transport. These trace gas species are believed to have 
significant impacts on UT chemistry such as on oxidation capacity and ozone 
concentrations. 3) Extremely short-lived trace gasses such as DMS or acetaldehyde have 
lifetimes ranging from only a few hours to 1 or 2 days. These show profiles with a sharp 
drop in concentration above the BL, as these tracers quickly decay upon exiting their source 
region. Sparse enhancements in the UT suggest occasional vertical transport occurring via 
rare strong updrafts associated with deep convective cores.  
2. The artificial tracers simulated by WACCM fit well with the in-situ data collected during 
CONTRAST. Comparisons of observed species and artificial tracers with similar lifetimes 
demonstrate that both long-lifetime and intermediate lifetime tracers show good 
agreement. While the comparison of the short lifetime tracers (e.g., DMS with lifetime of 
1 day and artificial tracer E1) shows slightly less agreement, general features are similar. 
The discrepancies for short-lived tracers are likely due to sampling differences between the 
model simulations and field experiment. The consistent behavior between the three groups 
in both observations and modeled tracers solidifies our conclusion that vertical transport 
had a strong dependency on photochemical lifetime. 
3. A simple metric, namely, the ratio of UT concentration (defined as 10-13 km) to the BL 
concentration (defined as 0-2 km) was developed to characterize the efficiency of 
convective transport. This ratio quantifies the fraction of a species successfully transported 
from the BL into the UT. When the ratios constructed from CONTRAST observation data 
are plotted against photochemical lifetime, a compact relationship emerges with convective 
influence increasing with increasing photochemical lifetime. The three species groups 
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display distinct behaviors in their UT-BL values. Very short-lived species have UT-BL 
near zero, as the overall transport rates into the UT are very low. Those with intermediate 
lifetimes show ratios increasing with lifetime. Trace gasses with very long lifetimes have 
UT-BL at 1. There is a turning point evident around 200 days to one year, where ratios stop 
increasing with lifetime and plateau at 1. When processed in the same way, the ratios 
produced using WACCM artificial tracers and CAMchem modeled tracers show a similar 
pattern against tracer lifetime. The similarities between the modeled and observed tracer 
behaviors suggest that the cumulus parameterizations of the two models work well in 
describing transport of trace gasses in the TWP. 
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